Abstract. Actinic flux, as well as aerosol chemical and optical properties, were measured aboard the NASA DC-8 aircraft during the ARCTAS (Arctic Research of the Composition of the Troposphere from Aircraft and Satellites) mission in Spring and Summer 2008. These measurements were used in a radiative transfer code to retrieve spectral (350-550 nm) aerosol single scattering albedo
Introduction
Aerosols directly scatter and absorb visible (400 nm ≤ λ ≤ 700 nm) solar radiation thereby impacting climate (e.g. Forster et al., 2007) as well as visibility (e.g. . Aerosol scattering and absorption can also significantly impact ultraviolet (UV) radiation (λ < 400 nm) and therefore photochemistry (Dickerson et al., 1997; He and Carmichael, 1999; Lefer et al., 2003; Flynn et al., 2010; Li et al., 2011) . The relative contribution of absorption and scattering to extinction due to aerosols is largely governed by composition; while all aerosols efficiently scatter radiation of wavelengths similar to particle diameter, certain types of aerosols also strongly absorb radiation due to the presence of absorbing material in the particles. Absorbing aerosols act to warm the atmosphere, which reduces the magnitude of the global net cooling due to aerosol scattering of incoming radiation (Forster et al., 2007) . Additionally, absorbing aerosols impact photochemistry differently than scattering aerosol resulting in a notably larger decrease in photochemical smog
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formation compared to dominantly scattering aerosol (e.g. He and Carmichael, 1999) .
Carbonaceous aerosol, the sum of inorganic black carbon (BC) and organic aerosol (OA), represents one of the largest pools of absorbing aerosol globally. While BC is known to absorb strongly at all wavelengths, OA absorption is much more spectrally dependent, with greatest OA absorption at shorter (≤ 400 nm) wavelengths. This spectral dependence has been summarized by the absorption Angstrom exponent (AAE), the fit to an exponential relationship between the absorption coefficient (b abs,λ ) and wavelength (Kirchstetter et al., 2004; Lewis et al., 2008; Marley et al., 2009; Chen and Bond, 2010) .
In order to truly capture the spectral dependence of OA absorption, AAE should be calculated from b abs,λ that extends into the UV where OA absorption is strongest. While aerosol absorption measurements at a few discrete UV wavelengths exist, high resolution absorption measurements below 400 nm are lacking. Recent studies have determined aerosol absorption and the AAE from aerosol single scattering albedo (SSA) which describes the contribution of scattering (b scat,λ ) to aerosol extinction (b ext,λ ) (Bergstrom et al., 2007; Marley et al., 2009; Russell et al., 2010) . However, measurements of SSA have been largely limited to the visible due to few scattering and absorption measurements at UV wavelengths. Recent studies have thus relied on the retrieval of UV SSA values from radiation measurements (e.g., Petters et al., 2003; Krotkov et al., 2005b; Barnard et al., 2008; Corr et al., 2009; Buchard et al., 2011) . In addition to including values at UV wavelengths, SSA retrieved from radiation measurements often has a high spectral resolution making it possible to determine AAE calculations from multiple wavelength exponential fits.
Retrievals have been performed using both irradiance (the radiation incident on a plane expressed in W m −2 ) as well as actinic flux (radiation to a point) (e.g., Petters et al., 2003; Krotkov et al., 2005b Krotkov et al., , 2011 Barnard et al., 2008; Corr et al., 2009; Buchard et al., 2011) . Unlike irradiance, actinic flux does not account for photon direction or "source" (e.g., direct from the sun or scattered from the atmosphere and/or surface). While the absence of direction makes actinic flux suitable for quantifying photochemistry on the molecular level, it makes distinguishing diffuse flux (produced from atmospheric and surface scattering) and direct flux more difficult. This ultimately makes identifying variability due to aerosol scattering and/or absorption using actinic flux much more difficult than irradiance. As a result, irradiance has been the preferred radiation measurement in previous SSA and AAE retrievals (e.g., Petters et al., 2003; Krotkov et al., 2005b; Corr et al., 2009; Buchard et al., 2011) . However, as actinic flux is used to quantify the rate of many atmospheric photochemical reactions, being able to use it in aerosol retrievals would allow for the direct determination of aerosol impacts on photochemistry.
The ability to calculate AAE values using radiation measurements suggests aerosol spectral absorption properties can be determined from remote sensing platforms. Further, as differences in the spectral absorption characteristics of aerosols are related to differences in aerosol chemistry, such AAE retrievals imply remote sensing of aerosol chemical composition should be possible. Bergstrom et al. (2007) and Russell et al. (2010) have demonstrated this by showing distinct differences in AAE values determined from SSA retrieved using irradiance for plumes dominated by different types of aerosols (e.g., urban, desert dust, biomass burning).
Presented here are AAE values calculated from SSA values retrieved using actinic flux measurements made aboard the NASA DC-8 aircraft during the Arctic Research of the Composition of the Troposphere from Aircraft and Satellites (ARCTAS) mission in Spring and Summer 2008. We focus on biomass burning plumes encountered during ARCTAS as biomass burning represents one of the largest sources of OA as well as BC (Bond et al., 2004) . Wildfires are thus a major global source of absorbing aerosol. Differences in biomass burning plume chemistry and age will be used to explain differences in AAE values between plumes, providing insight into how the role of biomass burning aerosol in climate and photochemistry may change with time. As the prevalence of biomass burning is expected to increase with climate change (Turetsky et al., 2011) , understanding the spectral absorption of biomass burning aerosol and its evolution with age is necessary for future climate and photochemical models.
Methods

Measurements
SSA retrievals were performed using actinic flux as well as aerosol optical properties measured aboard the NASA DC-8 aircraft during the two main phases of ARCTAS: ARCTAS-A (April 2008) and ARCTAS-B (June-July 2008). Flights performed during ARCTAS-A primarily focused on the characterization of arctic haze, long range transport and high bromine oxide events while ARCTAS-B focused on the characterization of biomass burning emissions from boreal forests in north-central Canada. A more detailed description of the ARCTAS mission and instrumentation can be found in Jacob et al. (2010) .
Actinic flux was measured using the CCD Actinic Flux Spectrometer (CAFS) aircraft system. The CAFS aircraft system measures spectrally resolved downwelling and upwelling actinic flux using one hemispheric (2π steradian) optical collector mounted to the top and another to the bottom of the DC-8 fuselage, respectively (Shetter and Muller, 1999) . Upwelling and downwelling actinic fluxes were reported every 3 s and every ∼ 0.8 nm between 280 and 600 nm. The CAFS resolutions at full-width at half maximum (FWHM) were 1.7 and 2.4 nm in the UV and visible, respectively. Upwelling and downwelling actinic flux values were linearly interpolated and added together to produce total fluxes at 1 nm resolution. Retrievals were not performed for wavelengths < 350 nm to minimize interferences due to strongly absorbing gases (e.g., O 3 ) at shorter UV wavelengths. Additionally, retrievals were not performed for wavelengths > 550 nm due to low aerosol optical depths at these wavelengths as discussed below. Thus, only total fluxes between 350 and 550 nm were considered here.
A TSI 3-wavelength nephelometer and a Radiance Research 3-wavelength Particle Soot Absorption Photometer (PSAP) were also aboard the DC-8 during ARCTAS and were used to measure b scat,450,550,700 , and b abs,470,532,660 , respectively. Details about their operation during ARCTAS can be found elsewhere (Jacob et al., 2010) . Dry b scat,λ reported by the nephelometer was corrected for angular truncation following the method of Anderson and Ogren (1998) and ambient b scat,λ values were determined from the dry b scat,λ values using methods outlined in Shinozuka et al. (2007) . PSAP b abs,λ values were corrected for artifacts associated with filter-based absorption methods following Lack et al. (2008) . In order to determine b ext,λ at 550 nm required by the radiative transfer code, b abs,λ was corrected to the nephelometer wavelengths using the equation:
where AAE 470−660 is the two-wavelength absorption Angstrom exponent between the PSAP wavelengths of 470 and 660 nm calculated using the general Angstrom exponent (AE) formula:
where n is optical quantity of interest (i.e., aerosol optical depth (AOD), b scat,λ , b abs,λ , b ext,λ ). An Aerodyne High Resolution Time-of-Flight Aerosol Mass Spectrometer (AMS) aboard the DC-8 was used to measure non-refractory submicron aerosol chemical composition, including OA . Details on the AMS technique can be found elsewhere (Canagaratna et al., 2007) .
SSA retrieval
A schematic of the retrieval used in this work is shown in Fig. 1 . A similar retrieval method was outlined in Corr et al. (2009) . High resolution SSA values at 200 UV and visible wavelengths were retrieved by comparing measured actinic flux to those modeled as a function of SSA and the asymmetry parameter (g) using the 4-stream discrete ordinate solver of the Tropospheric Ultraviolet and Visible version 5.0 radiative transfer model (TUV 5.0) (Madronich and Flocke, 1999 ; http://cprm.acd.ucar.edu/Models/TUV/). Actinic flux was modeled over the wavelength range 350 to 550 nm at 1 nm resolution using 120 1 km thick atmospheric layers positioned between the surface and the maximum altitude. Location specific inputs (e.g., latitude, longitude, surface elevation, UTC time, and aircraft altitude) were taken from the aircraft navigational dataset. TUV output height was taken as the aircraft altitude thus producing retrieved spectral SSA at each point along the aircraft track. Column O 3 , NO 2 , and SO 2 concentrations were estimated from the daily images produced from the Ozone Monitoring Instrument (OMI) aboard the NASA Aura satellite. The coarse resolution of these data and the imprecise estimation of values may introduce some error into the retrievals. However, sensitivity studies showed modeled actinic flux for the wavelength range considered here was unaffected by large variations in column O 3 and SO 2 concentrations. Modeled actinic flux did show slight variation (< 2 %) over a large range in NO 2 column concentration (0-2 DU) however, actual variability in NO 2 column concentrations, and the corresponding variation in modeled actinic flux, are expected to be much smaller. Thus, possible error associated with the TUV 5.0 trace gas column concentration inputs are expected to be negligible.
Aerosol-(excluding SSA and the asymmetry parameter) and surface-related input parameters were primarily computed from in-situ aircraft data during aircraft spiral profiles. Spiral profiles were used to limit the extent of the aircraft's horizontal coverage to ensure accuracy in the AOD and surface albedo calculations discussed below. b ext,450 and b ext,550 were vertically integrated to calculate AOD at those wavelengths. AOD at l nm resolution from 350 to 550 nm were estimated using AOD 450 and AOD 550 as well as the AOD Angstrom exponent (see Eq. 2). The spectral AOD values were subsequently vertically interpolated using a version of the TUV 5.0 default Elterman et al. (1969) b ext,550 profile modified to include in-situ b ext,550 values at aircraft altitudes. It is important to note that, since these AOD values do not consider aerosols above and below the spiral profile they likely underestimate the true AOD. However, as the identified plumes were typically strong, we assumed contributions to AOD from unsampled aerosol were only ∼ 10 %. This error in AOD was accounted for in the retrieval threshold described below. Additional errors may be associated with the extrapolation of AOD from the visible into the UV. While the wavelength range over which we extrapolate in this work is narrow (≤ 100 nm), the use of an AOD Angstrom exponent calculated at two visible wavelengths may result in incorrect values of the UV AOD for aerosols with strong spectral absorption, such as those examined here. However, sensitivity tests performed for two biomass burning events identified in Eck et al. (1999) demonstrated that the 440-500 nm AOD Angstrom exponent calculated from AERONET AOD reproduced AERONET AOD at 380 nm within ∼ 3 %. Further, Krotkov et al. (2005a) showed that the linear extrapolation of AERONET AOD over a small wavelength range (< 100 nm) produced AOD values in close agreement with those measured to wavelengths as low as 325 nm using a UV multifilter shadowband radiometer for urban aerosols. Thus errors in UV AOD due to extrapolation from the visible over the wavelength range used here are likely small.
Snow surface albedo values measured during ARCTAS-A from the NASA P-3B aircraft were used to retrieve SSA for ARCTAS-A flights (Lyapustin et al., 2010) . As shown in Fig. 2 of Lyapustin et al. (2010) , snow albedo had minimal spectral dependence over the retrieval wavelength range, thus snow surface albedo was assumed to be spectrally invariant in TUV 5.0. Areal surface albedo (ρ surf,λ ) values at 450 nm and 550 nm were determined for ARCTAS-B flights using actinic flux measurements and the equation
where F calc is modeled actinic flux, F meas is the measured actinic flux, z 0 is the surface, z flight is the aircraft altitude and ↓ and ↑ denote downwelling and upwelling, respectively (Wendisch et al., 2004) . Modeled actinic flux values were determined using TUV 5.0 and SSA and AOD values calculated using the scattering and absorption in-situ data described above. Surface albedo values at 450 nm and 550 nm were calculated as average of the ρ surf,λ values below an aircraft altitude of 2 km. These values were linearly interpolated to produce spectral surface albedo between 350 nm and 550 nm at 1 nm resolution. Spectral surface albedo values calculated in this way for ARCTAS-B flights compared well to those measured in boreal regions (Betts and Ball, 1997; Moody et al., 2007) . Areal surface albedo was also determined for the ARCTAS-A flight of interest, 17 April, to estimate the error associated with calculated surface albedo. Surface albedo calculated using Eq. (3) for 17 April were approximately 10 % lower than those reported by Lyapustin et al. (2010) , thus a ±10 % error was assigned to surface albedo values. Like AOD, the retrieval threshold value accounted for this ±10 % in surface albedo. Ranges of the two remaining input parameters, SSA and g, were used in TUV 5.0 to produce modeled actinic flux values as a function of these two aerosol parameters. Studies have shown that wide variations in g have little impact on SSA retrieved using methods similar to this work's (Bergstrom et al., 2003; Barnard et al., 2008; Corr et al., 2009; Buchard et al., 2011) . Nonetheless, values of g ranging from 0.6-0.75 were tested to assess possible variations in actinic flux with variations in g associated with biomass burning aerosols. Johnson et al. (2008) found g values of 0.57-0.66 for both fresh and aged biomass burning aerosols. Similarly, Haywood et al. (2003) determined mean g values of 0.64 and 0.58 at 450 nm and 550 nm, respectively for several aircraft flights through biomass burning plumes. Osborne and Haywood (2005) showed that for larger (mean diameter ≥ 0.5 µm) biomass burning particles g ranged from 0.71-0.86. Small (< ∼ 2 %) variations in actinic flux over this wide range in g were observed in sensitivity studies performed for all wavelengths. Additionally, variations in SSA (0.5-1.0) caused variations in actinic flux well over 50 times greater than those caused by variations in g thus influences of g on retrieved SSA were assumed to be minimal.
An SSA range of 0.5-1.0 was used to represent the wide range in SSA for biomass burning aerosols found in the literature (e.g., Bergstrom et al., 2003; Johnson et al., 2008; Lewis et al., 2008; Eck et al., 2009; Mack et al., 2010; Alados-Arboledas et al., 2011; Tesche et al., 2011) . The differences in SSA among biomass burning aerosols is likely explained by observed differences in combustion conditions generated by different fuel types, humidities, etc. as well as plume age (Reid and Hobbs, 1998; Eck et al., 2003; Kirchstetter et al., 2004; Chen et al., 2006; Lewis et al., 2008; Mack et al., 2010) . For instance, in recent laboratory studies, the combustion of 14 different types of biomass fuel yielded a range in SSA 0.37-0.95 (Lewis et al., 2008; Mack et al., 2010) . However, as discussed in Sect. 3, field measurements and remote sensing retrievals indicate SSA rarely falls below ∼ 0.6 in ambient plumes.
Prior to comparison, both modeled and measured actinic fluxes were smoothed in wavelength using a 3-point running mean to account for slight offsets between the TUV 5.0 and CAFS wavelength grids as well as the wavelength dependence of the CAFS FWHM. This smoothing procedure also aimed to reduce the influence of non-aerosol sharp spectral features (e.g., Fraunhofer lines) on retrieval parameters, though such features were not completely removed as discussed below. The resulting smoothed modeled and measured actinic fluxes from 350 to 550 nm were compared to retrieve SSA. SSAs were considered retrieved where modeled actinic flux matched measured within 10 %. This 10 % criterion was chosen based on sensitivity studies (not shown) that showed a 10 % error in AOD together with 10 % error in assumed and calculated surface albedos resulted in changes to modeled actinic flux value by ≤ 10 %. This comparison produced ranges in SSAs at each wavelength that were subsequently averaged to produce mean SSA(λ) values for each spiral profile altitude.
Case studies
To ensure valid retrievals, spiral profiles were screened to meet the following criteria: (1) AOD 550 ≥ 0.1, and (2) cloudfree conditions within the spiral profile. The AOD 550 ≥ 0.1 threshold was adopted from Corr et al. (2009) who showed SSA values were irretrievable using irradiance data when their AOD 368 fell below 0.1. A similar result was seen with the ARCTAS actinic flux (not shown), thus we apply the AOD 550 ≥ 0.1 threshold in this work to ensure valid retrievals over the entire wavelength range considered here.
Cloud-free conditions were identified using the Cloud and Aerosol Precipitation Spectrometer (CAPS; DMT, Boulder, CO) cloud index product where cloud index values equal to zero are associated with liquid-and ice-water-content less than 0.01 g m −3 . While the cloud index identifies clouds encountered during the spiral profile, it does not indicate the presence of clouds outside the spiral profile. Lofted clouds, including high altitude thin cirrus, as well as low stratus clouds can substantially impact the radiation field (e.g., Lopez et al., 2009; Flynn et al., 2010) and may therefore impact retrieved SSA. However, we assume the influence of distant clouds on actinic flux is minor compared to the aerosol in optically thick aerosol plumes, such as the ones examined in this work.
Based on these criteria, two useable spiral profiles were identified: one during ARCTAS-A on 17 April 2008 (21:14-21:33 UTC, hereafter 17 April and one during ARCTAS-B on 29 June 2008 (22:30-22:43 UTC) hereafter 29 June. A biomass burning plume was identified for each case using aerosol and gas-phase data collected aboard the DC-8. Biomass burning plumes were defined as regions within the spiral profile that had co-located elevated (greater than the spiral profile mean value plus 1 standard deviation) biomass burning markers including acetonitrile, OA, and b scat,450 (Fig. 2) . Maximum concentrations of these biomass burning tracers as well as plume altitudes are listed in Table 1 . Plume identification and back trajectory analysis performed by Hornbrook et al. (2011) indicated the 17 April plume examined here was a ∼ 6 day old Siberian forest fire plume. In contrast, measurements during the 29 June case were made directly above an active fire in Saskatchewan, a plume less than 3 h old (Hornbrook et al., 2011) . It is important to note that the 17 April plume was intersected at the top of the spiral profile and it is unclear whether the entire plume was sampled. As a result, there may be some additional error in the 17 April retrieval due to errors in AOD that exceed the established 10 % criteria. However, retrievals performed for the 17 April case under a doubled AOD scenario did not alter the spectral dependencies in retrieved parameters, though increases (decreases) were seen in retrieved SSA (b abs,λ ). We report the 17 April results using the AOD calculated from in-situ measurements with the understanding that they likely yield upper limit estimates of aerosol absorption for the plume.
Results
Mean SSA(λ) retrieved at all altitudes identified as in-plume were averaged to estimate mean spectral SSA in each plume for 17 April and 29 June (Figs. 3, 4) . It is important to first note the high frequency spectral variability seen in the mean in-plume SSA spectra for both cases. While such variability SSA values calculated from in-situ data were compared to those retrieved to examine the validity of the retrieval results. As shown in Fig. 3 , SSA values at 470 nm and 532 nm compared well to those retrieved at the same wavelengths for 17 April. In-situ SSA at 470 nm and 532 nm were slightly higher than those mean retrieved values for 29 June (Fig. 4) . However, minimum in-situ SSA at 470 nm and 532 nm (shown as the bottom error bars on in-situ SSA in Fig. 4) values measured in the plume are nearly as low as mean retrieved SSA at the same wavelengths indicating similarly low SSAs were measured in the 29 June plume.
For both cases, there is a notable decrease in SSA between 500 and 550 nm to values that are comparable with UV SSA. While this "tailing" may point to valid and important variations in retrieved SSA beyond 500 nm, it may also suggest retrieval error at longer wavelengths as absorption by non-BC aerosol at visible wavelengths is expected to be low. The source of a retrieval error at these wavelengths is unclear, however, the degree of impact appears related to AOD. The most pronounced decrease in SSA between 500 nm and 550 nm occurred on 17 April (∼ 18 %), when AOD averaged across the same wavelength (AOD 500−550 ) range was only 0.11. In contrast, SSA only decreased ∼ 5 % between 500 nm and 550 nm on 29 June which had an AOD 500−550 of The lower UV SSA values seen in both cases suggest enhanced aerosol absorption at shorter wavelengths (λ < 400 nm). To examine this, spectral (350-500 nm) b abs,λ was calculated using in-plume mean SSA(λ) and b ext,λ and a modified version of the definition of SSA .
Spectral b abs,λ was not determined for 500-550 nm due to the possible errors over this wavelength discussed above. As seen in Fig. 5 , b abs,λ values at UV wavelengths are much higher than those calculated at visible wavelengths on both days, despite large differences in the magnitude of b abs,λ between the two cases. Furthermore, average UV b abs,λ (350 ≤ λ < 400 nm) were ∼ 3 and 2 times greater than average visible b abs,λ (400 ≤ λ ≤ 500 nm) for 17 April and 29 June, respectively, indicating stronger spectral aerosol absorption in the 17 April plume. Greater relative absorption in the UV is reflected in a higher AAE (350-500 nm) on 17 April (6.78 ± 0.38, r 2 = 0.68) than on 29 June (3.34 ± 0.11, r 2 = 0.86), calculated for each case as the slope of a linear fit through a plot of b abs,λ versus wavelength in log space across the wavelength range 350-500 nm (Bergstrom et al., 2007; Russell et al., 2010) (Table 2) . It is important to note that in-plume AAE values for both 17 April and 29 June were greater than 1, indicating greater spectral absorption than can be explained by black carbon (Kirchstetter et al., 2004) . AAE values calculated for two wavelength pairs (470-532 nm and 470-660 nm) using in-situ b abs,λ data and Eq. (2) also show enhanced spectral absorption, however, they are consistently lower than those determined using retrieved SSA (Table 2) . This offset between AAE calculated using retrieval results and those calculated using in-situ data may at least partially be explained by the different wavelength ranges considered in the AAE calculations as discussed below. In-plume AAE retrieved for 29 June as well as in-situ AAE for both plumes (Table 2 ) compare well to Lewis et al. (2008) who found a range in AAE of ∼ 1-3.5 for the wavelength pair 405-870 nm for various biomass burning fuel types in a chamber study. Similarly, Kirchstetter et al. (2004) reported AAEs over the wavelength range ∼ 330-1000 nm of ∼ 1.8-3.0 for filter samples of fresh biomass burning aerosol. Ambient AAE values as high as 3.7 were seen at an Alpine site dominated by wood smoke for the wavelength range 370-530 nm (Sandradewi et al., 2008) . In-plume AAE retrieved for 17 April was much higher than those previously measured for biomass burning aerosol (e.g., Kirchstetter et al., 2004; Lewis et al., 2008; Sandradewi et al., 2008) which may suggest error in the retrieval either due to UV-absorbing gases or low AOD on 17 April. Several studies have reported higher (> 6) AAE values for both water and methanol extracts of biomass burning aerosol comparable to the 17 April in plume retrieved AAE over the wavelength ranges ∼ 300-800 nm (Hoffer et al., 2006; Chen and Bond, 2010; Hecobian et al., 2010) . However, as shown in Chen and Bond (2010) , such extractions may isolate only certain types of aerosols and thus AAE values determined from extracts may not fully represent the spectral absorption of a biomass burning plume in the atmosphere. Thus, some caution should be taken when interpreting the 17 April results. In-plume retrieved AAE values were much higher than those determined for biomass burning aerosol over the wavelength range 325-1000 nm (1.45) by Bergstrom et al. (2007) and Russell et al. (2010) using the same linear fit method described above. This difference may, in part, be due to the consideration of longer visible wavelengths (λ > 600 nm) in the linear fit, which may act to dampen the strong absorption signature seen at shorter wavelengths. In fact, both Bergstrom et al. (2007) and Russell et al. (2010) showed this effect through the calculation of a smaller AAE (1.1) over a larger wavelength range (325-1685 nm) for the same biomass burning plume. Additionally, Lewis et al. (2008) found larger AAE values for the wavelength pair 405-870 nm than 532-870 nm, a finding the authors attributed to stronger absorption at shorter wavelengths. Sandradewi et al. (2008) also found large increases to AAE values (2.2 to 3.7) with a decrease in wavelength range (370-950 nm to 370-530 nm) calculated during the wood-smoke-dominated winter period at an Alpine site.
Discussion
Contribution of OA to spectral absorption
Several laboratory and field investigations have attributed enhanced spectral absorption in biomass burning aerosol to OA (e.g., Kirchstetter et al., 2004; Hoffer et al., 2006; Lewis et al., 2008) . Kirchstetter et al. (2004) , and later Lewis et al. (2008) , showed biomass burning with the greatest OA concentrations had the highest AAE values. Clarke et al. (2007) described an increase in absorption with an increase in non-volatile OA, with the greatest absorption increases at their shortest wavelength (470 nm). Hoffer et al. (2006) estimated that OA could account for as much as 50 % of short-wavelength absorption in Brazilian biomass burning aerosol extracts with AAE values of 6.4-6.8. Similarly, Favez et al. (2009) reported agricultural biomass burning aerosol generated from the combustion of rice straw near Cairo, Egypt was responsible for at least 26 % of aerosol absorption at 370 nm with contributions as high as 50 % during large burning events.
To investigate the influence of OA on spectral absorption for the 17 April and 29 June biomass burning plumes, spectral (350-500 nm) b abs,λ attributed to OA (b abs, OA,λ ) was estimated using previously established methods Yang et al., 2009; Arola et al., 2011) . First, spectral b abs,λ due to BC (b abs,BC,λ ) was determined by assuming BC dominated the PSAP absorption at 660 nm. Values of b abs,BC,λ were then calculated via the extrapolation of in-situ b abs,660 to retrieval wavelengths assuming a BC AAE of 1 and Eq. (1). While the BC AAE = 1 assumption has been generally accepted as a means to estimate BC absorption contribution (e.g., Clarke et al., 2007; Yang et al., 2009; Arola et al., 2011) , studies have shown variability in BC AAE (e.g., Lack and Cappa, 2010) . For instance, Lack and Cappa (2010) found that, for BC mixtures and BC containing coatings, BC AAE can be as high as 1.6. Given this, the b abs,BC,λ calculated here are meant to represent an approximation. The calculated b abs,BC,λ spectra was subsequently subtracted from the original "total" b abs,λ to estimate a b abs, OA,λ spectra (Figs. 6 and 7) .
The overall contributions of OA to total spectral absorption were approximated at 57.7 % 17 April and 56.2 % on 29 June (Table 3) . For both cases, the OA contribution to absorption was greater in the UV than visible, though this difference was larger for 17 April. While the increase in OA contribution to absorption with decrease in wavelength is consistent with other studies, overall, the absorption attributed to OA in both plumes was higher than previously reported (e.g., Hoffer et al., 2006; Favez et al., 2009 ). Contributions of OA to absorption are expected to be higher in plumes where concentrations of OA are much higher than BC (Favez et al., 2009) . However, such high values may also suggest the presence of strong spectral absorbers in addition to OA such as mineral dust or trace gas-phase species. The high AOD extinction Angstrom exponents (1.59 for 17 April and 2.16 for 29 June, as well as high (> 0.8) submicron scattering fractions, determined for both days suggest little dust influence. Additionally, McNaughton et al. (2011) found dust to play a minor, if any, role in aerosol absorption during ARCTAS-A, largely due to the lack of dust plumes encountered during ARCTAS-A. As stated above, absorption due to the two most common trace gases that absorb at short wavelengths, O 3 and NO 2 , were accounted for in TUV 5.0. While these gases are thought to be most relevant for total column aerosol retrievals, other absorbing gases may need to be considered when retrieving aerosol properties in plumes where concentrations of such gases may be high.
Despite the possible influence of absorbing trace gases, OA contributions show similar trends to those calculated from the PSAP b abs,λ values at 470 nm and 532 nm (Table 3) ; the PSAP data confirm (1) OA absorption contributions were higher at shorter wavelengths and (2) overall OA absorption is higher in the 17 April plume. Differences in the overall OA absorption contribution between the two days is likely explained by differences in the biomass burning plumes. As expected, the fresh plume on 29 June is associated with overall higher aerosol and trace gas concentrations as seen in Table 1 . However, the 17 April plume has a higher OA/BC ratio (15.9) compared to the 29 June plume (10.6), which supports the higher fractional absorption by OA in the first plume Favez et al., 2009; McNaughton et al., 2011) .
Aerosol oxidation and spectral absorption
Previous studies (e.g., Clarke et al., 2007; Lewis et al., 2008) have shown a positive relationship between the AAE and the organic-carbon/total-carbon ratio, thus the greater influence of BC in the 29 June plume may be at least partially responsible for the lower AAE value determined for this plume. However, differences in the OA chemistry between the aged 17 April and the fresh 29 June plume may also play a role. To explore this hypothesis, OA-only AAE (AAE OA ) values were estimated from the retrieval results by applying the AAE calculation methods to b abs,OA,λ values. It should be noted that for 17 April, the subtraction of the b abs,BC,λ extrapolated curve from the total b abs,λ curve resulted in negative values of b abs,OC,λ around the sharp dips in the total b abs,λ curve. Due to their unphysical nature, these values were removed in order to determine the AAE as a linear fit to a plot of ln(λ) versus ln(b abs,λ ). As expected, AAE OA values were higher than the AAE calculated using "total" b abs,λ with a value of 11.15 ± 0. 17 April, suggesting the OA in the April plume has a greater spectral dependence of absorption. Enhanced spectral absorption on 17 April may be explained by changes to the OA in biomass burning plumes as they age, and/or possibly by differences in the original OA emissions. The oxidation of biomass burning primary organic aerosol (POA) may result in the formation of compounds with stronger spectral absorption signatures than the biomass burning POA emitted at the source, as has been observed in previous studies (Decesari et al., 2002; Marley et al., 2009) . Additionally, secondary organic aerosol (SOA) generated in several laboratory experiments via both the light (photochemical) and dark (e.g., reaction with O 3 ) oxidation of gas-phase organics exhibited spectral absorption (Noziere et al., 2007; Bones et al., 2010; Zhong and Jang, 2011) . Significant variability in SOA formation has been observed in biomass burning plumes, with some studies indicating substantial net SOA production and others showing none, but substantial OA aging has been observed in all studies (Grieshop et al., 2009b; Cubison et al., 2011; Hennigan et al., 2011; Jolleys et al., 2012) . Both the oxidation of biomass burning POA and the formation of biomass burning SOA would result in organic aerosol that was more oxidized than the emitted POA. Changes to biomass burning OA during aging have previously been studied by analyzing changes in ratios of key mass-to-charges (m/z) to total OA measured by the AMS (Grieshop et al., 2009a; Hawkins and Russell, 2010; Cubison et al., 2011; Hennigan et al., 2011) . Recently, Kroll et al. (2011) proposed a parameter they called the "carbon oxidation state" (OS C ) as a new method for quantifying the degree of aerosol oxidation using AMS data. OS C is the average of all carbon atom oxidation states in the organic compound and can be estimated using the equation (Kroll et al., 2011) 
where O/C is the elemental oxygen-to-carbon ratio and H/C is the elemental hydrogen-to-carbon ratio, e.g. calculated from AMS data following Aiken et al. (2008) . Unlike ratios of AMS fragments, the OS C is a fundamental parameter which can be derived with multiple methods and has a clear chemical interpretation. Typical values for atmospheric aerosol range from −2 to +1, with more positive values indicating greater oxidation (Kroll et al., 2011) . Average OS C values calculated using Eq. (5) for each biomass burning plume were 0.16 and −0.32 for 17 April and 29 June, respectively (Table 4) . The difference between the plume OS C values are primarily explained by differences in O/C for each plume. While both plumes exhibit similar H/C ratios (1.71 for 17 April and 1.69 for 29 June), the 17 April OA had a notably higher O/C (0.93) than 29 June (0.68). A higher O/C ratio together with a higher OS C determined for the 17 April plume, suggest the 17 April OA is more oxidized than the 29 June OA. During ARCTAS, Hecobian et al. (2011) and Cubison et al. (2011) found little evidence for net SOA formation in the Canadian biomass burning plumes encountered by the DC-8, although some SOA formation may have been compensated by POA evaporation. The effect of SOA formation during transport of the Siberian plume is unconstrained by the ARCTAS data, but by analogy with the Canadian plumes it is likely to have been minor. Thus, the greater OS C in the 17 April plume is likely due to the oxidation of POA, either heterogeneously, or via evaporation-oxidation-recondensation. This is consistent with Marley et al. (2009) who found increases in the AAE with age without corresponding SOA formation.
As discussed in Sect. 3, UV SSA values are nearly identical for the two cases while visible SSA is higher for the aged 17 April plume. A similar "brightening" at visible wavelengths with age was observed in field studies of biomass burning aerosol (Abel et al., 2003; Adler et al., 2011) . Thus, the increase in AAE with plume age observed here is largely due to the decrease in absorption at visible wavelengths with time. These findings may suggest that the oxidation of biomass burning OA primarily influences aerosol optical properties in the visible. This may, in part, be related to observed increases in particle size (and thus increased scattering at visible wavelengths) with age due to coagulation, water uptake, and condensation of gases (e.g., Grieshop et al., 2009a; Adler et al., 2011; Kondo et al., 2011) , however changes to OA chemistry on a molecular level may also play a role. The similar UV SSA values between the aged 17 April plume and the fresh 29 June plume suggests similar amounts of UV absorption due to aerosols can be expected in fresh and aged plumes. This may have significant photochemical implications as it suggests reductions in photolysis rates in and below plumes (surface) due to aerosol UV absorption do not change with plume age. However, based on this work, this hypothesis would likely only apply to aged biomass burning POA; plumes that also include substantial SOA formation may result in enhanced UV absorption with plume age as OA with stronger UV-absorption signatures can be formed (Noziere et al., 2007; Bones et al., 2010; Zhong and Jang, 2011) .
The observed relationship between AAE and OS C for the two cases may also be relevant for the remote sensing community. Previous studies have shown aerosol chemical composition may be retrievable from remote sensing platforms due to distinct differences in the AAE between aerosol plumes dominated by different aerosol types (Bergstrom et al., 2007; Russell et al., 2010) . Our findings expand upon this to include OA oxidation as a possible retrievable parameter. This would mean that AAE retrievals may provide valuable information on plume age as well as SOA formation in addition to aerosol chemical composition. Our results may therefore suggest the AAE can be used to generate a novel remote sensing aerosol oxidation product, though more work is needed to confirm any possible relationship between AAE and OA oxidation.
Summary and future work
In-plume, mean aerosol spectral (350-550 nm) SSA was determined for an aged (17 April) and a fresh (29 June) biomass burning plume using actinic flux measured aboard the NASA DC-8 during the ARCTAS mission in 2008. Using methods outlined in Russell et al. (2010) , AAE (350-500 nm) was calculated from retrieved SSA values and showed enhanced absorption, primarily due to OA, in both plumes. Differences in AAE values calculated for absorption due to OA suggested stronger spectral absorption for OA in the 17 April plume than the 29 June plume, possibly due to a greater degree of oxidation of the 17 April OA.
The changes in the AAE with OA oxidation observed here have important implications for both the photochemical modeling and the remote sensing communities. However, due to the limited number of cases explored here, it is unclear whether this relationship holds more generally for aging biomass burning plumes in the atmosphere. Future work should aim to examine changes in aerosol spectral absorption with the oxidation of POA as well as with SOA formation. Special attention should be given to changes in aerosol optical properties with age at photochemically-relevant UV wavelengths in order to improve in-plume as well as surface photochemical modeling. Additionally, differences in AAE due to aerosol oxidation should be compared to differences in AAE due to aerosol type (i.e., dust versus biomass burning) to determine if the AAE-OA oxidation relationship is distinguishable from other composition-driven differences in the AAE.
While trends in retrieved SSA and AAE generally agree well with trends in in-situ ARCTAS data and literature results, some notable offsets exist in the magnitude of these parameters. This highlights the difficulty of using actinic flux in aerosol optical properties retrievals. Many retrievals to date have relied on irradiance data (e.g., Petters et al., 2003; Krotkov et al., 2005b; Corr et al., 2009; Buchard et al., 2011) which are much more sensitive to changes in the radiation field due to clouds, aerosol, surface albedo, and gases. To assess errors associated with actinic flux-based retrievals, results from such retrievals should be compared to those performed using co-located irradiance data. As actinic flux is typically used to determine photolysis rate coefficients, the ability to use it in aerosol retrievals would allow for the direct determination of aerosol impacts on photochemistry. Thus evaluating actinic flux retrieval performance will prove beneficial to the photochemical modeling community.
